PURPOSE. The purpose of this study was to evaluate by microarray the hypothesis that LH BETA T AG retinoblastoma tumors exhibit regional and temporal variations in gene expression. METHODS. LH BETA T AG mice aged 12, 16, and 20 weeks were euthanatized (n ϭ 9). Specimens were taken from five tumor areas (apex, anterior lateral, center, base, and posterior lateral). Samples were hybridized to gene microarrays. The data were preprocessed and analyzed, and genes with a P Ͻ 0.01, according to the ANOVA models, and a log 2 -fold change Ͼ2.5 were considered to be differentially expressed. Differentially expressed genes were analyzed for overlap with known networks by using pathway analysis tools. RESULTS. There were significant temporal (P Ͻ 10 Ϫ8 ) and regional differences in gene expression for LH BETA T AG retinoblastoma tumors. At P Ͻ 0.01 and log 2 -fold change Ͼ2.5, there were significant changes in gene expression of 190 genes apically, 84 genes anterolaterally, 126 genes posteriorly, 56 genes centrally, and 134 genes at the base. Differentially expressed genes overlapped with known networks, with significant involvement in regulation of cellular proliferation and growth, response to oxygen levels and hypoxia, regulation of cellular processes, cellular signaling cascades, and angiogenesis. CONCLUSIONS. There are significant temporal and regional variations in the LH BETA T AG retinoblastoma model. Differentially expressed genes overlap with key pathways that may play pivotal roles in murine retinoblastoma development. These findings suggest the mechanisms involved in tumor growth and progression in murine retinoblastoma tumors and identify pathways for analysis at a functional level, to determine significance in human retinoblastoma. Microarray analysis of LH BETA T AG retinal tumors showed significant regional and temporal variations in gene expression, including dysregulation of genes involved in hypoxic responses and angiogenesis. (Invest Ophthalmol Vis Sci. 2011;52:5359 -5368)
R etinoblastoma (RB) is the most common intraocular malignancy in children, affecting approximately 1 in 15,000, for an incidence of 250 to 300 new diagnoses a year in the United States. [1] [2] [3] [4] As treatment has progressed from external beam radiation therapy (EBRT) to chemoreduction combined with focal therapies, survival rates have climbed to 99% with a large percentage of children maintaining vision. 5 Despite the significant advancements in treatment and survival, current chemotherapy regimens and focal therapies may result in complications. Children are subjected to toxic chemotherapeutic drugs for multiple cycles, resulting in considerable risk for systemic toxicities. 6 -8 Focal consolidation therapies also contribute to morbidity, depending on the intraocular tumor size and location. 9 Finally, chemoreduction success varies depending on tumor classification, with more advanced eyes achieving tumor control in 47% to 83% of cases. 10, 11 As a result, a greater understanding of tumorigenesis is necessary to develop adjuvant therapies to potentially treat tumors that are unresponsive to current treatment protocols and to minimize local and systemic complications of treatment.
The genetics of RB development have been studied, beginning with Knudson's "two hit" hypothesis. 12 In RB development, mutations or epigenetic changes in both alleles of the RB1 gene lead to loss of retinoblastoma protein (pRB). pRB binds to E2F, which acts as a transcriptional regulator of the cell cycle. Loss of both RB1 alleles leads to susceptibility of retinal cells to formation of RB. It has been proposed that development of RB requires more than the two hits proposed by Knudson, with Corsen and Gallie 13 reviewing the literature for evidence of further genetic changes necessary for tumor development.
The paradigm of cancer treatment and understanding has shifted from solely targeting hyperproliferative tumor cells and associated oncogenes/tumor suppressor genes to also targeting cancer stromal tissue, which consists of complex multicellular interactions, termed the tumor microenvironment. 14, 15 This environment consists of a plethora of cell types, including endothelial cells, fibroblasts, and inflammatory cells, 16 that, along with numerous growth factors and signaling molecules, contribute to tumorigenesis. Hypoxia has been strongly correlated with tumor growth, progression, resistance to therapy, and metastasis. 17 It has been shown that through O 2 -sensitive pathways, hypoxia alters tumor cell behavior, resulting in an integrated response of tumor cells to the tumor microenvironment, leading to altered gene expression and tumor adaptation and survival. Alterations to hypoxia include signaling through the mammalian target of rapamycin (mTOR), hypoxia inducible factor (HIF), and the unfolded protein response (UPR). These responses lead to altered cellular metabolism, angiogenesis, and other cell survival mechanisms. 18 The genetic changes associated with a tumor's adaptation to the microenvironment are prospective avenues for more specific and targeted therapy. In addition, an understanding of the timing of gene expression is fundamental in the optimal use of novel, multimodal adjuvant treatments.
Hypoxia and angiogenesis have been shown to be significantly associated with tumor proliferation and metastasis. Our previous studies with the LH BETA T AG mouse model of RB have shown that 20% to 26% of tumoral areas are hypoxic and that there is a spatial difference, with hypoxia primarily in the central and basal regions of the tumor. 19 In addition, we have shown that there is a spatial distribution of blood vessel maturation, with mature blood vessels concentrated centrally, while immature neovessels radiate peripherally. As a result, we have proposed that RB tumors grow radially from the center, with the apex, anterior, and posterior margins serving as the leading edges. 20 We hypothesize that there are regional and temporal differences in gene expression of murine RB tumors corresponding to areas of tumor heterogeneity and variations in tumor microenvironment. These variations may provide valuable information regarding specific genes and pathways that facilitate tumor growth, progression, and resistance to treatment. The purpose of our study was to evaluate these regional and temporal differences by using mRNA microarray analysis in a transgenic model of RB.
METHODS LH BETA T AG Mouse Model for RB
The study protocol was approved by the University of Miami Institutional Animal Care and Use Review Board Committee. The LH BETA T AG transgenic mouse model used in this study has been characterized previously. 21 This animal model develops bilateral multifocal retinal tumors that are stable and grow at a predictable rate (i.e., tumor at 4 weeks is grossly undetectable, at 8 weeks is small, at 12 weeks is medium, and at 16 weeks is large), with histopathologic, immunopathologic, and ultrastructural features that resemble human RB tumors. The LH BETA T AG mouse model has contributed to elucidating mechanisms in tumor development and progression and to providing a platform for the development of adjuvant therapies.
Molecular Genomic Array Analysis in LH BETA T AG Retinal Tumor Growth
Transgenic mice with documented intraocular tumors were killed and the eyes enucleated at 12, 16, and 20 weeks of age (n ϭ 9; three at each time point). These time points were chosen to represent early to advanced tumors and to correspond to time points studied in this model regarding angiogenesis, hypoxia, gelatinase expression, and tumor response to therapy. Five 3.37-mm 3 sections were obtained from each tumor (apex, anterior lateral, center, base, and posterior lateral). Samples were meticulously dissected under a microscope by an experienced handler. With the time points chosen (12, 16 , and 20 weeks), tumors had already grown to a macroscopic size, allowing an experienced handler to dissect them without obtaining normal retina, as the tumor has already expanded into the globe with boundaries distinct from normal retina. Although there is always a possibility of contamination, dissection protocols were meticulously used in ascertaining the extraction of sufficient and appropriate samples. Samples were obtained from the five areas based on the proposed mechanism of tumor growth and progression, with radial growth from the center. Leading edges have been shown to consist of more immature vasculature, whereas, central areas consisted of mature vasculature as well as a higher percentage of hypoxia. 19, 22 All specimens (n ϭ 45) were placed in a lysis solution and stored at Ϫ20°C until analyzed. The samples were hybridized (16 hours) to a unique gene microarray chip that provides whole gene expression data (no 3Ј bias) for over 28,000 genes (GeneChip Mouse Gene ST 1.0 arrays; Affymetrix, Santa Clara, CA). We used the Robust Multichip Average (RMA) Express method (http://rmaexpress.bmbolstad.com/ written by Ben Bolstad, University of California, Berkeley, and provided in the public domain) to measure differential gene and probe level expression measures (log 2 ), with a false-discovery rate (FDR) set at 5%. Quality control plots and summary measures were generated with R/Bioconductor 2.9.10. 23, 24 Gene level measures were analyzed by using analysis of variance (ANOVA) models for repeated measures, considering temporal or regional effects, using custom scripts (written for SAS ver. 9.2; SAS, Cary, NC). Genes with P Ͻ 0.01 from the ANOVA models and a log 2 -fold change Ͼ2.5 were considered to be differentially expressed. Differentially expressed genes were analyzed for overlap with known networks, by using pathway analysis tools (GeneGo; St. Joseph, MI). Network significance was evaluated on the basis of the size of the intersection between our list of significantly differentially expressed genes and the set of genes/ proteins corresponding to a network module/pathway. Each network was associated with a z-score that ranked the networks according to saturation with the objects from the experimental gene list. The zscore ranked the networks of the analyzed network algorithm with regard to their saturation with genes from the experiment. A high z-score means that the network is highly saturated with genes from the particular experiment. Each network was also associated with a gscore, which modifies the z-score on the basis of the number of canonical pathways used to build the network. If a network has a high g-score, it is saturated with expressed genes (from the z-score), and it contains many canonical pathways. A P value was determined by comparing the observed amount of intersection with the amount expected under the null hypothesis that the amount of overlap follows a hypergeometric distribution.
RESULTS
A total of 28,000 genes were assessed over the three different time points in the five regions. Significant temporal differences in gene expression were found between 12-, 16-, and 20-week LH BETA T AG RB tumors (P Ͻ 10 Ϫ8 , two-way analysis of variance, ANOVA). In addition, analysis identified genes with a greater than 2.5-fold difference in expression between the three time points that varied depending on region. There were significant differences in gene expression across time for 190 genes apically, 84 genes anterolaterally, 126 genes posteriorly, 56 genes centrally, and 134 genes at the base (Tables 1A, 1B) .
To identify functional activity of the unique genes, we performed pathway analysis (GeneGo software). Tables 2 to 6 show the key networks involved in cellular growth and proliferation, hypoxia, cell signaling, and angiogenesis for the five regions with key objects, processes, pathways, and statistical significance.
The basal regions (Table 2 ) of the RB tumors had significant differences (P ϭ 1.54 ϫ 10 Ϫ11 to 3.72 ϫ 10 Ϫ61 ) in regulation of Ras/G-protein signaling, regulation of cellular proliferation, mTOR/PKC signaling, and JAK/STAT signaling. The z-scores ranged from 13.56 to 48.21, and the g-scores ranged from 28.06 to 146.23. On analysis of networks, key elements mediating cellular proliferation included c-Myc, JAK/STAT, TGF-␤, MDM2, RB protein, AMPK, let-7a microRNA, and p53. We also found cellular responses mediated by the PI3K/akt/mTOR pathway, as well as HIF, VEGF, NOTCH, and IGF-1 (Fig. 1) .
The central regions (Table 3 ) of the tumors had significant differences (P ϭ 4.44 ϫ 10 Ϫ7 to 3.22 ϫ 10 Ϫ61 ) in regulation of cellular proliferation, response to oxygen levels, and regulation of oxidoreductase activity, JAK/STAT signaling, and regulation of cellular metabolism. The z-scores ranged from 8.81 to 45.46, and the g-scores ranged from 33.60 to 133.81. Network analysis showed that cellular proliferation and regulation were mediated by TNF-␣, ERK1/2, RB protein, MAPK, VEGF, ubiquitin, TGF-␤, and MDM2. Tumor response to oxygen levels was mediated by MMP-2 and -9, TGF-␤, E-cadherin, c-Myc, PAI, VEGF, and CDK2/CDK4. In addition, the cellular proliferation and signaling pathways were mediated by JAK/STAT, ERK1/2, cyclin D1, and 14-3-3.
The apical regions (Table 4 ) of the tumors had significant differences (P ϭ 1.91 ϫ 10 Ϫ7 to 1.29 ϫ 10 Ϫ83 ) in PKA/Gprotein signaling, regulation of cell proliferation, oxygen transport, and regulation of stress responses. The z-scores ranged from 9.40 to 57.83, and the g-scores ranged from 32.46 to 184.4. Tumor anatomic and morphogenic responses were found to be mediated by key elements, including VEGF, MMP-2, MMP-9, and TGF-␤ (Fig. 2, left) . Cellular proliferation was found to be mediated by JAK/STAT, ERK1/2, c-Myc, NF-B, IGF-1, TNF-␣, and caspase-8. Finally, cellular responses to stress were found to be mediated by HIF-1, NF-B, and c-Myc (Fig. 2,  right) . The anterior-lateral regions (Table 5 ) of the tumors had significant differences (P ϭ 1.41 ϫ 10 Ϫ15 to 2.26 ϫ 10 Ϫ86 ) in cellular proliferation, cytokine-mediated signaling pathways, leukocyte migration, and glycosaminoglycan biosynthetic processes. The z-scores ranged from 16.94 to 58.76, and the g-scores ranged from 34.63 to 58.76. Tumor signaling cascades and growth regulation were found to be mediated by TGF-␤, MMP-2, MMP-9, fibronectin, c-Myc, and NF-B. Cytokine-mediated signaling was found to involve TNF-␣, NF-B, ICAM, Eselectin, and CCL-2/CCL-3.
Finally, the posterior-lateral regions (Table 6 ) of the RB tumors had significant differences (P ϭ 1.07 ϫ 10 Ϫ8 to 1.27 ϫ 10 Ϫ72 ) in regulation of cellular proliferation, JAK/STAT signaling, and cytokine-mediated signaling. Network analysis showed anatomic morphogenesis and growth regulation to be mediated by TGF-␤, MMP-2, MMP-9, ERK-1/2, MAPK, Akt, and VEGF. Cell proliferation and regulation of cellular processes were found to be mediated by TNF-␣, ERK-1/2, VEGF, EGFR, MAPK, PKC, IGF-1, and COX-2.
DISCUSSION
In the present study, we identified genes that are differentially expressed in the LH BETA T AG murine model of RB in five tumor regions (base, center, apex, anterior-lateral margin, posterior- lateral margin), and at three time points in tumor development (12, 16 , and 20 weeks). Overall, gene expression was shown to significantly differ temporally (P Ͻ 10 Ϫ8 ), as well as regionally. Of the 28,000 gene probe sets analyzed, we found differential expression of 190 genes apically, 84 genes anterolaterally, 126 genes posteriorly, 56 genes centrally, and 134 genes at the base. Analysis showed that these dysregulated genes were associated with multiple networks and canonical pathways, including regulation of cellular proliferation, cellular signaling and stress responses, response to hypoxia, angiogenesis, as well as anatomic morphogenesis and growth regulation.
As tumors grow, the proliferating cells experience an imbalance of oxygen metabolism, leading to a disorganized and irregular microvasculature network. As a result, there is reduced oxygen delivery, leading to a microenvironment with low oxygen partial pressure. 15, [25] [26] [27] In the harsh tumor microenvironment depleted of oxygen and nutrients, cells undergo a hypoxic and/or angiogenic switch to support further growth. Growth of immature neovessels is stimulated, along with cell adaptation to hypoxia, including increase in glycolysis for energy metabolism. 26 These events represent a key transition in tumorigenesis as cells adapt, altering the gene expression necessary to drive further tumor proliferation.
We have previously shown that the tumor vasculature is highly heterogenous, with higher concentrations of large, mature vessels toward the base/center and smaller neovessels radiating into the periphery. These observations in both human and the LH BETA T AG model suggest that RB tumors proliferate radially from the center. 20, 22 The present study is the first to show the regional variation in gene expression by microarray in the LH BETA T AG RB model. Gene expression was found to be dysregulated in a regional distribution, with the apex and base showing the most variation. We hypothesized that the apical areas correspond with the leading edges of the proliferating tumor consisting of highly metabolic, hyperproliferating cells, and neovessels dependent on growth factor support. Concurrently, the basal regions correspond to areas of hypoxic stress necessitating cellular adaptation. The current observations support our previous model of RB progression and blood vessel development, identifying potential canonical pathways that may mediate these responses in the transgenic model of RB tumors. [27] [28] [29] In the apical regions, more advanced tumors had a significantly different expression of genes involved in cellular proliferation, hypoxia, angiogenesis, and regulation of stress responses. TGF-␤, NF-B, PTEN, and cyclin D2, as well as signaling through the JAK/STAT pathway were shown to be key mediators. TNF-␣ and caspase-8, which were found to be dysregulated in RB cell lines 30 and human RBs, 31 respectively, were also found in the present study to be dysregulated in advanced LH BETA T AG tumors. Hypoxic responses, including angiogenesis, were also identified in the apical regions, areas of intense growth composed of hyperproliferating cells competing for oxygen and nutrients. These adaptations were mediated through hypoxia-inducible factor (HIF), vascular endothelial growth factor (VEGF), and matrix metalloproteinases (MMP-2 and -9), factors known to be significantly associated with advanced tumors with high degrees of hypoxia. The urokinase plasminogen activator (uPA) and the receptor (uPAR) may play an integral role in tumor proliferation and metastasis. The uPA system consists of serine proteases that lead to activation of plasmin, which in turn activates matrix metalloproteinases (MMPs). MMPs have been linked to tumor growth and metastasis for their role in the degradation of the extracellular matrix. 32 Recent studies have identified hypoxic elements within the genes that regulate the uPA system of several other tumors. 33, 34 The present study has identified dysregulated genes involved in pathways for the uPA system as well as angiogenic pathways that use MMPs. These findings support our prior work showing enhanced tumor control with reduced expression of MMPs using anecortave acetate. 35 MMPs appear to play a key role in the tumor microenvironment, and studies are needed to further elucidate the mechanisms and effects of tumor treatment.
As neoplastic cells proliferate, they experience a highly anabolic state requiring altered function to provide sufficient energy and waste removal, thus preventing cell death signals. 36 -38 In response to increasing metabolic demands, as well as altered microenvironments inside and outside the cells, neoplastic cells alter cellular metabolism, adopting a metabolic phenotype through differential gene expression for key enzymes and regulators of cellular metabolism. 39 Neoplastic cells preferentially use glycolysis, referred to as the Warburg effect, in normoxic and hypoxic conditions, rather than oxidative phosphorylation and its higher ATP yield. In basal regions, areas of RB tumors shown to consist of a high population of hypoxic cells, we found differential expression of genes involved in networks and pathways that are upstream regulators of tumor metabolism, including PI3K/Akt/mTOR, IGF-1 signaling, and AMPK. In addition, our study showed significant involvement of HIF and Akt, both of which have been shown to increase GLUT1, a glucose transport receptor. 37 Our prior studies in the LH BETA T AG RB tumor model have demonstrated the efficacy of targeting cellular metabolism in enhancing tumor control. Using 2-DG, a glycolytic inhibitor, we have shown that tumor burden is significantly reduced when treated with both systemic and local subconjunctival delivery of 2-DG. We have also recently shown that local delivery of 2-DG, when combined with chemotherapy, further enhances tumor control over either treatment alone. 19 In addition, similar to prior human RB microarray gene expression studies, the PI3K/Akt/mTOR pathway was found to be dysregulated, potentially implicating mTOR as a therapeutic target. 40 We found significant differential expression of this network in basal regions of advanced tumors, regions shown to experience significant hypoxia compared with other regions. The mammalian target of rapamycin (mTOR) is a serine-threonine kinase that is composed of two multiprotein complexes. Activation of these complexes leads to phosphorylation of downstream effectors, leading to regulation of protein translation, cell growth, proliferation, and metabolism. 41 Hypoxia has been shown to be a negative regulator of mTOR complexes, thus potentially acting as an inhibitor of growth and progression. However, it has been proposed that hypoxia drives the mutations necessary to deregulate mTOR signaling, termed hypoxic tolerance. As a result, it may be important for tumor cells to retain control of mTOR signaling for continued growth and proliferation. 18 mTOR inhibitors have been investigated in other tumors, and further studies are needed to define the role of mTOR and inhibitors of this pathway in RB tumor control. Notably, early studies with focal delivery of rapamycin in the LH BETA T AG RB model show promise, as the mTOR inhibitor led Our current and previous findings support an evolving and complex cellular metabolic phenotype that differs in early versus advanced tumors, as well as variations secondary to the local, heterogeneous tumor microenvironment. This study provides further evidence of dysregulation of pathways involved in cellular metabolism, including genes to assess at a functional level to determine the effect on tumor growth and development.
In addition, the study is the first to show temporal variation in gene expression with advanced tumors compared to earlier tumors examined with microarray analysis. In transgenic RB tumors, differential gene expression and associated pathways suggest potential mechanisms of tumorigenesis. These specific genes and pathways require further functional analysis to determine whether direct targeting has an effect on tumor growth and development, or whether the changes seen are indirect effects of other tumorigenic processes and would not serve as useful targets for tumor control. As with other tumors, we propose that regions of RB tumors have differential gene expression and may respond differently to various treatments, depending on the tumor's age, tumor burden, location, hypoxia, vasculature, and cellular metabolism. Therefore, the present study provides evidence of regional and temporal tumor heterogeneity, emphasizing the potential importance of timing in gene expression in the development of optimally timed, multimodal treatments with agents that target tumor cells, as well as components of the tumor microenvironment, including angiogenesis, hypoxia, and cellular metabolism. We propose that future treatment of RB tumors must target not only proliferating tumor cells, but also the local tumor microenvironment, in a multimodal, optimally timed, local approach.
As functional analyses are performed on specific genes and pathways, including studies on targeting key elements, it is important to identify alterations in gene expression after treatment as well as to identify key escape pathways that cells use during times of cellular stress. These escape pathways may prove to be important regarding resistance and adaptation of tumor cells to current and future targeted therapies.
Limitations of the present study include the small sample size of three mice at each time point (12, 16 , and 20-weeks), as well as for each different region at each of these time points. In addition, we investigated the effects of time and location in the LH BETA T AG murine model of RB, which has been shown to share many similarities with human RB, but the correlation in gene expression between human and mouse tumors has not been fully determined. As a result, before the current findings can be related to human RB, further functional studies are needed of transgenic RB tumors and human RB cell lines.
In conclusion, the findings in our study have shown that gene expression in the LH BETA T AG model of RB has significant temporal variations. In addition, we have shown significant regional variations, with the apical and basal regions exhibiting dysregulation of genes in key pathways involved in the regulation of cellular proliferation and growth, response to oxygen levels and hypoxia, and regulation of cellular processes, cellular signaling cascades, and angiogenesis. Prior studies have defined the gene expression profiles of RB tumors 40, 42 ; our study of the LH BETA T AG murine model suggests that these gene expression profiles may be dynamic, varying in a temporal and regionally dependent fashion. We anticipate that future developments in ocular oncology will focus on locally delivered, optimally timed therapies that target tumor cells as well as the tumor microenvironment. 
